Several mutants have been isolated from the facultative methylotroph, Methylobacterium organophilum, using either N-methyl-N'-nitro-N-nitrosoguanidine or ultraviolet light as mutagens. One of these isolates, a glutamate auxotroph lacking isocitrate dehydrogenase, has been transformed to prototrophy, using wild-type DNA, at a frequency of 0.5 %. Competence and DNA uptake occur only in cultures which are near the end of exponential growth, and maximal transformation requires a DNA concentration of loo pg ml-l.
DNA isolation. Frozen cells were thawed, washed twice in 0.05 ~-Tris/o.oz M-EDTA (TE) buffer, pH 8.0, and resuspended in 90 ml TE buffer per 5.0 g wet wt cells. The solution was made up to I % (wlv) in sodium lauryl sulphate and heated to 60 "C for 30 min. Ten ml Streptomyces griseus type VI protease (5 mg ml-l; Sigma), previously heat-treated at 80 "C for 10 min, was added and incubation was continued at 60 "C for 2 h or until lysis was complete. ' Water-saturated phenol (0.5 vol.) was added and the solution was shaken for I 5 min. The solution was then centrifuged and the aqueous layer removed. RNAase A and RNAase Tl (Sigma) , previously heated in boiling water for 5 min, were added to a final concentration of IOO pg and 30 units ml-l, respectively, and the solution was incubated at 37 "C for I h.
The DNA was precipitated with 2 vols cold 95 % ethanol, and resuspended in sterile 0-1 x standard saline citrate buffer (SSC : 0.15 M-sodium chlorideloaoI5 M-sodium citrate, pH 7.3). DNA preparations were kept frozen in 0.5 ml quantities at -20 "C. DNA concentrations were estimated using the diphenylamine assay described by Burton (1956) .
Sheared DNA was prepared by vortexing the sample for 30 s at high speed, then forcing it through a 26+ gauge needle five times. This greatly diminished the viscosity of the DNA solution.
Determination of the molecular weight of DNA. The average size of sheared and unsheared DNA preparations was estimated using an agarose gel electrophoresis technique similar to that of Helling, Goodman & Boyer (1974) . Lambda DNA, treated with EcoRI nuclease, was used as a standard. Agarose was obtained from MCK Biomedical (Rockland, Maine, U.S.A.).
Mutant isolation.
Mutagenesis. (i) U.V. light. Bacteria were prepared and exposed to U.V. light for 3 min as described for the survival curve. The mutagenized bacteria were transferred to a stirred flask of supplemented medium and incubated for 8 to 12 h at room temperature in the dark.
(ii) NTG. A culture (40 ml) was treated as described for the NTG survival curve. A sample (I ml) was incubated on a shaker for 25 min, I ml filter-sterilized NTG (4 mg ml-l) was added and incubation was continued for 2 h. The bacteria were collected on a Millipore filter and washed throughly with NMS medium. The filter was placed in 40 ml supplemented medium and incubated on a shaker overnight.
Penicillin selection. Mutagenized, overnight cultures were washed twice with sterile NMS media and resuspended in nitrogen-free NMS medium at a density of 106 viable units ml-l. Transformation in a methylotroph 267 After 10 h incubation on a shaker, the culture was transferred to minimal NMS medium containing 7.5 % polyethylene glycol, 0.25 MgS04. 7H,O and 500 units penicillin ml-l (Sigma) and was incubated for a further 20 h. Penicillinase was then added to a final concentration of 12.5 pg ml-l, and incubation was continued for another hour.
Mutant selection. Three types of mutants were selected : amino-acid auxotrophs, drugresistant mutants, and mutants unable to grow on methanol but capable of growth on succinate (methanol-mutants). The mutagenized bacteria from the penicillin selection treatment were washed and plated on supplemented media. For the drug-resistant mutants, colonies which grew on NMS/methanol medium plus streptomycin (50 pg ml-l), erythrocin (500 pg ml-l) or rifampicin (50 pg ml-l), were picked and streaked for isolation. For the auxotrophs, colonies on the supplemented plates (NMS/methanol medium plus 0.05 % Casamino acids) were replica-plated on to unsupplemented media (NMS/methanol) and those which grew on the supplemented media but not on the unsupplemented were purified by streaking on supplemented media. Methanol-mutants were selected as colonies which grew on NMS plus succinate agar but would not grow when replicated on to NMS/methanol agar.
Preparation of extracts.
Late exponent ial-phase cultures were harvested, washed and resuspended in TMME buffer (Hanson & Cox, I 967) using 2 ml buffer per g cells. The bacteria were sonicated at maximum intensity for 3 min (Bronwill Biosonik Sonifier, Bronwill Scientific, Rochester, New York, U.S.A.), and centrifuged at 20000 g for 20 min. The soluble fraction was assayed for isocitrate dehydrogenase activity. Protein was estimated by the method of Lowry et al. (1951) .
Isocitrate dehydrogenase assay. Isocitrate dehydrogenase (EC. I . I . I .42) was assayed by the method of Hanson & Cox (1967) . NADP+ (3 mM) was incubated in a cuvette with cellfree extract for I min to ensure there was no NADP+ reduction in the absence of substrate.
Isocitrate (r -5 mM final concentration) was added and the activity was followed by measuring the change in E,,, in a Gilford 2000 Spectrophotometer (Gilford Laboratories Instruments, Oberlin, Ohio, U.S.A.).
Growth response of mutant 3 A to L-glutamate. Tubes containing 3 ml NMS/methanol medium and different amounts of L-glutamate, were incoulated with isolate 3A to give an initial absorbance of about 0.15 at 600 nm and were incubated with shaking. The absorbance of samples taken from the tubes was determined at 24 h intervals.
Transformation
DNA present throughout growth. For routine experiments, DNA from wild-type bacteria (100 pg ml-l) was added to inoculated cultures which were allowed to grow to stationary phase. The bacteria were washed and plated on selective (NMS/methanol) and non-selective (NMS/methanol plus Casamino acids) media. In some cases, the bacteria were regrown for two generations in the presence of glutamate before plating.
For all experiments, control cultures were included containing sterile 0.1 x SSC in place of DNA, or DNA which had been treated with 40 pg DNAase ml-l for 30 min before addition to the culture.
Competence and DNA uptake determinations. Triplicate I ml samples were taken from a culture at various times during growth, measured using a Klett-Summerson colorimeter (Klett Manufacturing Co., New York, U.S.A.). Two of the samples were used to determine competence: one was incubated for I h with roopg wild-type DNA, while the other was incubated with an equivalent volume of 0.1 x SSC as a control. DNAase (final concentration light; 0, penicillin (20 h incubation); ., NTG (2 h incubation). Initial concentrations (viable units ml-l) were 4 x 108 (u.v.), 1-2 x 1 0 8 (penicillin) and 3 x IO* (NTG). Fig. 2 . Growth response of wild type and isolate 3A to glutamate. The growth medium was NMS/ methanol. A, Wild type, all concentrations of glutamate (0 to 500pg ml-l). Isolate 3~ with glutamate at (pg ml-l): U, 500; H, 100; 0, 50; +, 10. 0, Isolate 3A, no additions. 20 pg ml-l) was added to both samples and incubation was continued for 30 min. The samples were then plated on selective and non-selective media. The third sample was used to determine DNA uptake. Wild-type tritiated DNA (10 pg; 20000 c.p.m. pg-l; prepared by T. E. Patt, as described earlier, Patt et al., 1974.) was added to the sample and incubated for I h before DNAase (final concentration 20 ,ug ml-I) was added and incubation was continued for 30 min. The samples were filtered on Millipore filters and washed thoroughly with distilled water. The filters were dried, 10 ml Bray's scintillation fluid was added (Bray, 1960) and the radioactivity was assayed in a Packard model 3375 scintillation spectrophotometer.
R E S U L T S
Survival curves. The sensitivity of Methylobacterium organophilum to NTG, U.V. radiation and penicillin treatment is shown in Fig. I . The NTG concentration chosen for mutagenesis was 2 mg ml-l which gave 99-7 % kill in 2 h. The time of exposure chosen for U.V. mutagenesis (180 s) gave 92 % kill.
Mutant isolation. Several mutants were isolated using either NTG or U.V. mutagenesis, followed by penicillin selection. The frequency of mutant isolation was about 5 per ro5 colonies screened, except drug-resistant mutants, which appeared at a frequency of about I per 1 0 ' . The isolated mutants included auxotrophs, drug-resistant mutants and mutants unable to grow on methane or methanol, but capable of growth on glucose or succinate.
Twenty-seven mutants were isolated using NTG, 24 using U.V. light. Many of the isolated mutants were considered too leaky for use in transformation studies. One of the auxo-Transformation in a methylotroph 269 
x I O -~

I -2 x 1 0 -6 trophic isolates obtained by NTG mutagenesis was designated 3 A and was chosen for further study.
Growth requirements of isolate 3~. Isolate 3~ required glutamate for growth (Fig. 2) . As the concentration of glutamate was increased, the growth rate and final cell densities increased to a maximum at 500pg glutamate ml-l. Higher concentrations of glutamate did not result in further growth stimulation. At its maximum growth, isolate 3A did not grow as well as the wild type. Although it grew slowly in the absence of glutamate, it formed only tiny colonies on NMS/methanol agar. Mutant colonies were readily distinguished from the larger colonies of wild-type bacteria. Isolate 3~ was always filled with poly-P-hydroxybutyrate granules which permitted simple identification of the mutant and wild-type bacteria under the microscope. Because the isolate grew more slowly than the wild type, revertants, when present, outgrew the mutants after several transfers. Cultures of mutants were therefore always restreaked to obtain isolated colonies before each experiment.
Enzymic deficiency in isolate 3A. Isolate 3~ lacks isocitrate dehydrogenase activity, which explains its requirement for glutamate. When an extract of the isolate was incubated with NADP+ and isocitrate, there was no activity (Table I) . When wild-type extract was added to the same reaction mixture, the activity observed was similar to that of the wild-type extract alone. Therefore, the lack of activity in the mutant extract was not due to the presence of an inhibitor.
Transformation frequencies. When cultures were incubated with DNA throughout their growth cycle, transformation frequencies of about 0.5 % were obtained ( Table 2 ). The frequency of transformation was increased by only 13 % when transformed cultures were regrown in the presence of glutamate for two more generations; thus, phenotypic lag did not significantly influence the transformation frequency. Cultures containing DNA which had been pretreated for 30 min with 40 pg DNAase ml-l gave frequencies of about 4 x I O -~. The observed reversion frequency was similar. DNA requirement for transformation. A DNA concentration of IOO pg ml-l was necessary for maximum transformation frequencies (Fig. 3) . The use of sheared DNA resulted in slightly lower transformation frequencies. The sizes of the sheared and unsheared DNA preparations were approximately 7 x 106 daltons (range: 6.5 x 106 to 7-5 x 106 daltons) and 23 x 106 daltons (range: 19 x 106 to 28 x 106 daltons) respectively. Deoxyribonuclease assay. DNAase activity in the culture supernatant was determined by incubating samples with tritiated DNA, precipitating with cold trichloroacetic acid, and counting the radioactivity in the precipitates. No DNAase activity was detected.
Competence and DNA uptake. The ability to be transformed occurred only in a narrow portion of the growth cycle, near the end of exponential growth (Fig. 4) . DNA uptake occurred at the same point in the growth cycle as transformation. Maximum DNA uptake in the wild-type cells was only 14 % of that in isolate 3A and transformation of a streptomycin resistance marker into the wild type occurred at a frequency of 4 x IO-~.
Transformation of a double mutant. A streptomycin-resistant mutant of isolate 3A was isolated which grew in the presence of 50 pg streptomycin ml-l and required glutamate for growth. This double mutant was transformed to a streptomycin-resistant prototroph at a frequency of 0-1 %.
DISCUSSION
Normal mutagenesis procedures resulted in the isolation of several mutants in M. organophilum. The frequency of mutant isolation was low compared to Escherichia coli (Adelberg, Mandel & Chein Ching Chen, 1965) , but higher than that reported by Williams Transformation in a methylotroph 271 & Bainbridge (I 97 I) for the obligate methane oxidizer, Methylococcus capsulatus. Initially high doses of NTG were used to ensure the isolation of mutants but the U.V. light procedure also resulted in the isolation of mutants. Ultraviolet light is considered the more desirable of the two mutagens because of its relative safety and the tendency of NTG to produce multiple mutations in bacteria (Guerola, 106 to 30 x 1o6 daltons, after which it remains constant. In Bacillus and Pneumococcus the decrease in transformation frequency caused by using DNA of 7 x 106 daltons (the same size as the sheared DNA used in this study) was similar to that observed in M . organophilum transformation (Morrison & Guild, 1972; Cat0 & Guild, 1968) .
The absence of DNAase in the culture supernatant during growth allowed incubation of the DNA with the bacteria throughout the growth cycle so that every competent cell was exposed to DNA. When the cells were exposed to DNA for only short periods, maximum transformation frequencies were lower. This was probably due to a lack of synchrony in the development of competence and possibly to phenotypic lag.
The selective transformation of a single marker out of a doubly-marked strain, together with the results for controls without DNA or with DNAase, shows that the counted transformants are not contaminants and suggests that the transformation observed is not due to an enhancement of reversion.
